Introduction {#Sec1}
============

Thrombopenia has been commonly reported in clinical practice. Thrombopoietin (TPO), a natural ligand for c-Mpl, is the major modulating factor for the formation of megalokaryocyte that plays important roles in the generation of platelets. Nowadays, TPO has been considered as one of the most effective cytokines to raise platelet (Bartley et al. [@CR1]; Kuter et al. [@CR15]; Vainchenker et al. [@CR21]). To date, research and development on recombinant TOP drugs is still in a dilemma due to formation of neutralizing antibodies to the natural TPO (Basser et al. [@CR2]; Li et al. [@CR16]). In 1997, Dower et al. synthesized a TPO-mimetic peptides (TMP) consisting of 14 amino acids that could bind with the c-Mpl with high affinity to promote the proliferation and differentiation of megakaryocytes in vitro (Cwirla et al. [@CR6]). However, because of the small molecular weight, such linear peptides were too short-lived in circulation to be applicated in vivo (Kuter [@CR13]). Recently, several methods have been utilized to extend the half-life of TMP in vivo such as pegylation, as well as binding with Fab or Fc fragments (Broudy and Lin [@CR3]; Frederickson et al. [@CR8]; Kuter [@CR13]). Nevertheless, a time lag of platelet recovery was also observed in the c-Mpl based TMP (Kuter [@CR12]; Kuter and Begley [@CR14]).

Growth hormone (GH), a cytokine contributed to the proliferation and differentiation of various cells, has been reported to play important roles in the platelet generation. In a previous study, significant decrease was detected in the peripheral blood cells (e.g. platelet) in DW/J dwarf mice deficient in GH (Murphy et al. [@CR17]). Later, high doses of GH was considered to contribute to the hematopoietic function in mice and rats after chemotherapy, radiotherapy and bone marrow transplantation (Carlo-Stella et al. [@CR4]; Chen et al. [@CR5]; Murphy et al. [@CR18]; Tian et al. [@CR20]; Zhang et al. [@CR24]). Also, recombinant human GH (rhGH) could promote the recovery of platelets after chemotherapy (Sirohi et al. [@CR19]). In our previous study, we designed a tandem dimer of TMP (dTMP) fused to hGH with a purity of up to 98% based on the *Escherichia coli* system by soluble expression (Wang et al. [@CR22]). In addition, the hGH is efficient in promoting the differentiation, especially the terminal differentiation, of human megakaryocytes through stage- and time-specific activation of extracellular signal-regulated kinase (ERK1/2) and protein kinase B (Akt). Moreover, it shows a complementary and synergistic effect with the dTMP on thrombocytopoiesis (Xu et al. [@CR23]).

At present, the detection of hGH fusion protein expression is highly relied on the Western blot assay using anti-hGH antibody. As the anti-hGH antibody could only capture the epitope of the hGH in the fusion protein, it is still a challenge to identify whether the detected protein contains complete N-terminal TMP dimer. To solve this problem, mass spectrum is needed to detect the purified dTMP-GH, but the method is labor-intensive and time-consuming. Moreover, it is not possible to distinguish between the dTMP-GH and natural hGH using anti-hGH antibody. In this study, amino acid sequence corresponding to TMP dimer of dTMP-GH served as immunogen, and a sensitive and specific ELISA method was developed for the quantitative determination of dTMP-GH, which contributed to the measurement of dTMP-GH pharmacokinetics in vivo.

Materials and methods {#Sec2}
=====================

Animals, cells, and regents {#Sec3}
---------------------------

Male BALB/c mice (8--12 weeks, weighing 18--22 g) and female New Zealand rabbits were obtained from the animal center of Third Military Medical University. The myeloma cell line SP2/0 cell line was cultured in Dulbecco's modified Eagle's medium (Invitrogen, Carlsbad, CA, USA) in a humidified incubator with 5% CO~2~ at 37 °C. The culture media was supplemented with 10% fetal bovine serum (Invitrogen, Carlsbad, CA, USA) and antibiotics (0.1 mg/mL streptomycin and 100 IU/mL penicillin). Immunoaffinity chromatography and protein-A chromatography were purchased from GE healthcare (St. Louis, MO, USA).

Polypeptide design and conjugation {#Sec4}
----------------------------------

The 20 amino acids sequence spanning two TMP and the linker (N'-**RQWLAARA**-*linker*- IEGPTLRQ-C') of dTMP-GH served as immunogen (Fig. [1](#Fig1){ref-type="fig"}a). The bold part is the amino acids sequence at C-terminal of the first TMP. The normal part is the amino acids sequence at N-terminal of the second TMP. A cysteine residue was added to the C-terminal end of the peptide to facilitate the conjugation to the BSA (Sigma-Aldrich, MO, USA). Immunograde peptide was provided by the GLS Biotech (Shanghai, China). The BSA-conjugated peptide was performed according to the previous study (Hadavi et al. [@CR9]).Fig. 1Schematic diagrams of the immunogen amino acids sequence and the ELISA of dTMP-GH detection described in this study. **a** A schematic diagram of the immunogen amino acids sequence. **b** The strategy of the ELISA for dTMP-GH detection

Preparation of monoclonal antibody {#Sec5}
----------------------------------

The monoclonal antibody was prepared based on standard protocols with slight modifications. Specific pathogen-free BALB/c mice were injected subcutaneously. For the first immunization, 100 μg dTMP-GH or peptide-BSA conjugate dissolved in 100 μL PBS was emulsified with equal volume of complete Freund's adjuvant (Sigma-Aldrich, St. Louis, MO, USA). Each mice was boosted twice at a 2-week interval with equal amount of immunogen mixed in the same ratio with incomplete Freund's adjuvant (Sigma-Aldrich, St. Louis, MO, USA). Subsequently, the animals were injected every 3 weeks until reaching the fusion titer, which was identified by indirect ELISA. Three days prior to sacrifice, the animals were injected with 50 μg dTMP-GH dissolved in 50 μL PBS mixed with equal volume of complete Freund's adjuvant. Mice with the highest titer were sacrificed to obtain the spleens, and then the splenocytes were fused with myeloma cells (SP2/0). The monoclonal antibodies in the supernatant were detected using the indirect ELISA method, with HRG-conjugated goat anti-mouse IgG as secondary antibody. Positive clones were cloned twice by limiting dilution. The ascites from single clones were purified using the protein A chromatography (GE Healthcare, Chalfont, Buckinghamshire, UK).

Preparation of polyclonal antibody {#Sec6}
----------------------------------

The polyclonal antibody was prepared according to the general method. Briefly, 300 μg peptide-BSA conjugate dissolved in 1 mL PBS was mixed with equal volume of complete Freund's adjuvant, and then was injected subcutaneously into the rabbits. Equal amount of peptide-BSA conjugate in incomplete Freund's complete adjuvant was applied at d4, d29, d43, d57 and d71, respectively. After the 4th immunization (d51), blood (5 mL) of each rabbit was collected from the auricular artery to isolate the serum, and the titer of the polyclonal antibody was determined using the indirect ELISA. After the last immunization, blood (100 mL) was collected from the carotid artery of rabbit, which polyclonal antibody titer meets the requirement to isolate the serum. The polyclonal antibody was purified using the immunoaffinity chromatography and protein-A chromatography. The purity of the antibody was determined using SDS-PAGE.

Western blot {#Sec7}
------------

Western blotting was performed to investigate the reactivity of antibodies obtained. rhGH and dTMP-GH were separated by SDS-PAGE and transferred to the PVDF membrane by a Semi-Dry Transfer System (Bio-Rad, Hercules, CA, USA). The membranes were blocked with 5% non-fat milk at 4° e overnight. Subsequently, the proteins were probed with monoclonal antibodies (1:1000) or polyclonal antibody (1:2000) described previously. Species-specific horseradish peroxidase-conjugated secondary antibodies were used for signal detection with an ECL Plus Kit (Amersham, Pittsburgh, PA, USA).

Elisa {#Sec8}
-----

Anti-dTMP-GH polyclonal antibody dissolved in bicarbonate buffer (50 μM, pH9.6) were added in the 96-well plates (100 μL/well) and incubated at 4 °C overnight. The test sample or purified dTMP-GH diluted by PBS were added (100 μL/well) and incubated at 37 °C for 2 h. After washing with normal saline containing 0.1% Tween 20, the HRG-conjugated monoclonal antibody was added and incubated at 37 °C for 2 h. Afterwards, 100 µL 3, 3′, 5, 5′-tetramethyl benzidine (TMP) was added and incubated at 37 °C for 15 min, followed by terminating the reaction using 50 µL 2M H~2~SO~4~. A wavelength of 450 nm was used for the determination of absorbance.

Comparison of ELISA and BCA assay {#Sec9}
---------------------------------

To compare the efficiency of ELISA and BCA assay, purified dTMP-GH sample with a purity of \>98% was diluted using distilled water into a concentration of 0.1, 0.25, 0.5, 1, 2.5, 5 and 10 ng/mL, respectively. The standard curves were obtained using the ELISA method or the commercial BCA assay kit, according to the manufacture's instructions.

Pharmacokinetics {#Sec10}
----------------

The dTMP-GH fusion protein diluted with distilled water was administrated into New Zealand rabbit (n = 3) via intramuscular injection (100 μg/kg). The blood was collected from marginal ear vein every half hour after administration. The concentration of dTMP-GH protein was determined using ELISA method. The study protocols were approved by the Ethical Committee of the Third Military Medical University.

Results {#Sec11}
=======

Generation of efficient monoclonal antibodies {#Sec12}
---------------------------------------------

After immunization of BALB/c mice using peptide-BSA, 5 monoclonal antibodies were screened out by indirect ELISA (Table [1](#Tab1){ref-type="table"}). All of these monoclonal antibodies showed cross reactivity to dTMP-GH and Peptide-BSA conjugate. The OD~450~ values of TMP-GH and rhGH wells were similar to BSA, which was used as a negative control. The above data indicated the feasibility of the immunogen. Unfortunately, only 1E10 was IgG. After cloning, only 2D3 was stably established.Table 1Screening of monoclonal antibodies against peptide-BSA conjugate (OD~450~)CloneTypedTMP-GHPeptide-BSA conjugateTMP-GHrhGHBSA1E10IgG2b1.857 ± 0.0822.093 ± 0.0940.073 ± 0.0080.099 ± 0.0070.072 ± 0.0052C3IgM1.918 ± 0.0971.711 ± 0.0650.089 ± 0.0060.091 ± 0.0110.075 ± 0.0052D3IgM2.166 ± 0.0982.815 ± 0.0850.081 ± 0.060.084 ± 0.0080.118 ± 0.0072E2IgM2.101 ± 0.0961.758 ± 0.0770.091 ± 0.070.082 ± 0.0070.149 ± 0.0093G2IgM2.245 ± 0.0991.297 ± 0.0670.071 ± 0.080.075 ± 0.0080.068 ± 0.007Values are obtained from three independent experiments conducted in duplicate and shown as the mean ± SD

After immunization of BALB/c mice using dTMP-GH, 8 monoclonal antibodies were obtained (Table [2](#Tab2){ref-type="table"}). After cloning, 1A12 and 3B2 with the higher dTMP-GH titer were stably established. In this study, 3B2 with higher titer to TMP-GH and rhGH showing no binding affinity to peptide-BSA conjugate was subjected to purification using protein-A chromatography. Finally, anti-dTMP-GH monoclonal antibody (55.96 mg) with a concentration of 2.798 mg/mL was obtained. The titer was 1:1,600,000 (Fig. [2](#Fig2){ref-type="fig"}).Table 2Screening of monoclonal antibodies against dTMP-GH (OD~450~)CloneTypedTMP-GHPeptide-BSA conjugateTMP-GHrhGHBSA1A5IgG12.413 ± 0.1020.116 ± 0.0091.670 ± 0.1030.845 ± 0.0850.104 ± 0.0081A12IgG12.046 ± 0.0960.164 ± 0.0101.920 ± 0.1731.042 ± 0.0690.104 ± 0.0082B3IgG12.198 ± 0.0960.079 ± 0.0071.953 ± 0.1220.645 ± 0.0670.097 ± 0.0072F12IgG12.102 ± 0.0890.086 ± 0.0062.638 ± 0.1540.883 ± 0.0760.081 ± 0.0063A8IgG12.017 ± 0.0930.573 ± 0.0281.294 ± 0.1040.909 ± 0.0840.103 ± 0.0083B2IgG12.260 ± 0.0990.064 ± 0.0082.492 ± 0.1532.236 ± 0.0820.090 ± 0.0073G11IgG12.007 ± 0.0840.106 ± 0.0061.932 ± 0.1541.997 ± 0.0960.093 ± 0.0064F11IgG11.935 ± 0.0780.120 ± 0.0121.367 ± 0.1051.050 ± 0.0830.105 ± 0.008Values are obtained from three independent experiments conducted in duplicate and shown as the mean ± SD Fig. 2Preparation of anti-dTMP-GH monoclonal antibody 3B2. **a** Titer detection of the monoclonal antibody 3B2. **b** Purity detection of the monoclonal antibody 3B2. *Lane M* protein molecular weight markers; *lane 1* purified monoclonal antibody 3B2. **c** Reactivity of monoclonal antibody 3B2. *Lane 1* dTMP-GH; *lane 2* rhGH

Generation of polyclonal antibody {#Sec13}
---------------------------------

After immunization using peptide-BSA conjugate in rabbits, serum was collected and purified. Polyclonal antibody (20.65 mg) with a concentration of 5.90 mg/mL was obtained. The indirect ELISA indicated the titer was up to 1:2,560,000 (Fig. [3](#Fig3){ref-type="fig"}).Fig. 3Preparation of polyclonal antibody against peptide-BSA conjugate. **a** Immunoaffinity chromatography purification of the polyclonal antibody. **b** Protein A chromatography purification of the polyclonal antibodies. **c** Titer detection of the polyclonal antibody. **d** Purity detection of the polyclonal antibody. *Lane M* protein molecular weight markers; *lane 1* purified polyclonal antibody. **e** Reactivity of polyclonal antibody against peptide-BSA conjugate. *Lane 1* dTMP-GH; *lane 2* rhGH

Reactivity of the purified antibodies {#Sec14}
-------------------------------------

Western blotting assay was performed to determine the reactivity of the purified antibodies to dTMP-GH and rhGH. The results indicated that 3B2 monoclonal antibody showed reactivity to dTMP-GH and rhGH (Fig. [2](#Fig2){ref-type="fig"}c), while anti-dTMP-GH polyclonal antibody could only detect the dTMP-GH fusion protein (Fig. [3](#Fig3){ref-type="fig"}e).

Correlation between of ELISA and BCA assay {#Sec15}
------------------------------------------

In this part, ELISA and BCA assay was carried out to determine the diluted dTMP-GH, respectively (Fig. [4](#Fig4){ref-type="fig"}). The results indicated a satisfactory correlation between ELISA and BCA assay (r^2^ = 0.996).Fig. 4Correlation between ELISA and BCA assays for detection of diluted dTMP-GH

Detection of dTMP-GH in rabbit serum {#Sec16}
------------------------------------

The standard curve of the developed ELISA method in the quantitation of dTMP-GH fusion protein in rabbit serum was in a linear relationship between 0.2 and 10 ng/mL (Fig. [5](#Fig5){ref-type="fig"}a). Based on the ELISA method, we determined the level of serum dTMP-GH fusion protein in rabbits, which revealed the maximal concentration was 13.60 ± 4.08 ng/mL 30 min after injection and showed gradual decrease later until reaching the baseline level 2 h after administration (Fig. [5](#Fig5){ref-type="fig"}b). This implied that ELISA method was applicable for the pharmacokinetics evaluation of dTMP-GH.Fig. 5Pharmacokinetics evaluation of dTMP-GH in rabbit. **a** the standard curve of dTMP-GH in rabbit. **b** concentration--time curve of dTMP-GH in rabbit serum after single intramuscular injection (100 μg/kg)

Discussion {#Sec17}
==========

Pharmacokinetic analysis is essential for the research and development of protein therapeutic candidates. Thus, it is indispensable to establish methods for specific candidate detection in vivo. For the development of fusion protein, the binding of the target fragment and some kind of endogenous fragment could contribute to the extension of the circulating half-life and help to attenuate the risks of formation of neutralizing antibodies. Therefore, the specific TMP-based fusion protein could be detected from the expressed or purified product using the commercial antibodies against the part fused with TMP (Fayaz et al. [@CR7]). In our previous study, similar detection had been carried out after the expression and purification of dTMP-GH using anti-hGH antibody (Wang et al. [@CR22]). However, such techniques were not sufficient to some extent. For example, anti-hGH antibody could not testify the dTMP-GH and endogenous hGH. Radioactive isotope has been commonly in the development of TMP-based fusion protein (Broudy and Lin [@CR3]). In our preliminary study, we also detect the pharmacokinetics of dTMP-GH in animals using radioactive isotope (data not shown). However, such method is not only labor-intensive and time-consuming, but also unacceptable in clinical practice on patients. Hall et al. developed ligand-binding mass spectrometry (LBMS) for the detection of TMP fusion protein AMG531 (romiplostim) (Hall et al. [@CR10]) that composed by TMP and the human Fc fragments as a typical "peptibody", in which those peptibodies were captured by anti-human Fc antibody for further Mass Spectrometry analysis. Such method is effective for the evaluation of AMG531 PKs (Krzyzanski et al. [@CR11]). In order to eliminate the interference of IgG, Hall et al. developed anti-human Fc fragment with no cross reactivity to the human IgG, while intact hGH was integrated in the dTMP-GH, which could not eliminate the effects of endogenous hGH on the metabolites. In addition, MS based method involves additional requirements to the test facility. On this basis, it is urgent to develop a quantitative method for the specific detection of fusion protein in a sensitive manner.

ELISA is effective for the biological assay of protein drugs, but detection focusing on the epitope may not reflect the biological activity region. For dTMP-GH, TMP-dimer is essential for the platelet-forming activity. In order to ensure the developed method could detect the dTMP-GH with complete N-terminal structure, 20 amino acids sequence spanning two TMP and the linker were selected as immunogen, in which C terminus was conjugated with BSA to enhance the immunogenicity of the peptide. However, only one IgM antibody was obtained after immunization of BALB/c mice with peptide-BSA conjugate. Later, the peptide-BSA was used to immunize the rabbits to obtain polyclonal antibody with a titer of 1:2,560,000. Western blotting assay showed such polyclonal antibody could detect the dTMP-GH fusion protein in rabbit serum, with no cross reaction to rhGH and TMP-GH. Thus, using the polyclonal antibody as the capture antibody, we can ensure that the dTMP-GH fusion protein with platelet activating activity is captured, and the interference of endogenous hGH is excluded. Meanwhile, HRP-conjugated monoclonal antibody 3B2 with a titer of 1:1,600,000 served as the coloration antibody, and showed satisfactory reactivity to the TMP-GH and rhGH other than peptide-BSA. This implied that the binding epitope may be localized in hGH. Therefore, application of 3B2 could guarantee the detected protein containing hGH. ELISA method revealed a linear relationship (r^2^ = 0.9994) in a concentration range of 0.2--10 ng/mL. The sensitivity was in line with the requirements of the pharmacokinetic research.

In conclusion, we developed a specific ELISA method using the bioactive region in the dTMP-GH as the immunogen, which could eliminate the interference of endogenous rGH on dTMP-GH detection. In addition, the method could reflect the integrity of dTMP and hGH. All these confirmed the feasibility of ELISA assay in the PKs, which paves the way for the further development of dTMP-GH.

TPO

:   thrombopoietin

TMP

:   thrombopoietin mimetic peptides

dTMP

:   dimer of thrombopoietin mimetic peptide

hGH

:   human growth hormone

ELISA

:   enzyme-linked immunosorbent assay

BCA

:   bicinchoninic acid

LBMS

:   ligand-binding mass spectrometry
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